Introduction {#s001}
============

Canine degenerative myelopathy (DM[)]{.smallcaps} is a progressive adult-onset neurodegenerative disease^[@B1]^ characterized by progressive generalized proprioceptive ataxia of the pelvic limbs, asymmetric upper motor neuron (UMN) paraparesis, and a lack of paraspinal hyperesthesia, which progresses to lower motor neuron (LMN) paralysis of the pelvic limbs, and, eventually, the thoracic limbs.^[@B2]^ Sharing similarities in cause, clinical signs, and disease progression to some forms of amyotrophic lateral sclerosis (ALS) in humans, DM is a naturally occurring animal model for this disease. Mutations in the superoxide dismutase 1 (SOD1) gene and subsequent conformational alterations to the SOD1 protein and associated toxicity are responsible for 20% of genetic ALS and most cases of canine DM.^[@B3]^ Although the German Shepherd Dog is the most commonly affected breed, DM is now known to occur in multiple breeds, with an overall prevalence of 0.19%.^[@B4]^

ALS and DM are progressive, incurable, fatal diseases; thus, clinicians look to available and novel therapies, and clinical interventions to improve the overall quality of life and, hopefully, increase the life expectancy of affected patients. However, while ALS patients may be medically managed for relatively long periods of time while their disease progresses and they become severely debilitated---usually dying from respiratory failure within 3--5 years of developing symptoms, dogs with DM are usually euthanized when they become nonambulatory and/or fecal or urinary incontinent (which has been noted at various clinical stages of disease,^[@B2],[@B5]^ though usually occurs with paraplegia), both of which present challenges to at-home care by pet owners.

Canine DM symptom progression is consistent across and within breeds, with a mean age of symptom onset of 9 years of age,^[@B2]^ though younger dogs have been affected,^[@B6]^ and there are four generally recognized,^[@B2]^ distinct stages of disease progression: I. general proprioceptive ataxia with spastic UMN paraparesis,II. nonambulatory paraparesis to paraplegia,III. LMN paraplegia to thoracic limb paraparesis,IV. LMN tetraplegia and brain stem dysfunction

Time of progression from stage I to stage II is generally 6--9 months.^[@B2]^

Various therapeutic protocols have been tried as interventions in attempts to slow DM\'s disease progression and/or for symptom palliation; none have been significantly successful.^[@B7],[@B8]^ Only daily intensive physiotherapy has demonstrated some benefit as a DM supportive therapy---DM patients who received intensive daily physiotherapy (defined in the study as gait exercise at least three to five times daily, with either massage and passive joint movement three times daily or daily hydrotherapy) survived longer and maintained ambulation longer than patients who received moderate physiotherapy or no physiotherapy at all.^[@B5]^ Since the time of this publication, physiotherapy for dogs with DM has been widely recommended to, at the very least, improve the patient\'s quality of life.

Light or PhotoBioModulation therapy (PBMt) is an intervention currently used as an integral part of many rehabilitation protocols and to treat a variety of conditions in veterinary medicine.^[@B9],[@B10]^ Since Mester\'s original publication (1968) demonstrated accelerated wound healing rates of skin incisions made to implant cancerous cells in rats,^[@B11]^ there have been many randomized, double-blind, placebo-controlled (RDBPC) studies of PBMt as a therapeutic agent with mixed results. At this time, the basic photochemistry and photobiology underlying the mechanism of action of PBMt have been sufficiently elucidated,^[@B12]^ thus, in this article we intentionally avoid discussion of the fundamental mechanism of action of PBMt; the interested reader is referred to the work by Hamblin and Demidova.^[@B15]^

The objective of this study was to describe the differences, if any, in the effects of two different PBMt protocols on the progression of DM clinical signs from their onset to nonambulatory paresis (NAP) or paralysis, and to euthanasia, and to compare their effects to existing historical data.

Materials and Methods {#s002}
=====================

Screening process {#s003}
-----------------

Authors collected all clinical records of dogs referred for presumed DM to a specialty physical rehabilitation facility in New England between 2003 and 2012. Owners of all dogs included in the study gave their permission for treatment before beginning both rehabilitation therapy and/or PBMt, the study did not require approval from any ethical committee as it is a retrospective review of clinical practice findings. Clinical records were screened for patients meeting the following *inclusion criteria*: patients were referred by a board-certified veterinary neurologist or a general practitioner who had consulted with a board-certified veterinary neurologist regarding the case before referral for rehabilitation therapy; patients with a history of slowly progressing clinical signs; patients with a body weight \>33 lbs (15 kg) (medium to large breed dogs); patients scored on neurological examination confirming the presence of clinical signs consistent with stage I DM (as established by Coates and Wininger^[@B2]^) of UMN paraparesis, general pelvic limb proprioceptive ataxia, and lack of spinal hyperesthesia on palpation; patients with neurological and orthopedic examination ruling out the presence of other potential conditions confounding interpretation of clinical signs; and patients who were treated with the same PBMt dose (one laser device and treatment parameters) throughout the entirety of their rehabilitation therapy protocol. *Exclusion criteria*, records were excluded unless patients had one or more of the following diagnostics performed: magnetic resonance imaging (MRI) of the spine to rule out other lesions, DNA testing for *SOD1* mutation performed by Animal Molecular Genetics Laboratory (AMGL) at the University of Missouri, or postmortem histopathologic examination of the spinal cord confirming a diagnosis of DM. Twenty dogs met all the above inclusion and none of the exclusion criteria. These patients were sorted into the Protocol A (PTCL-A) group (*n* = 6) or the Protocol B (PTCL-B) group (*n* = 14) based on the PBMt protocol used to treat these patients throughout their course of therapy. The screening protocol is depicted in [Fig. 1](#f1){ref-type="fig"}.

![Flow chart for review of records and inclusion/exclusion criteria.](photob.2019.4723_figure1){#f1}

Authors reviewed three other study "cohorts" from the available published literature and considered them as "historical data" for general comparisons: Kathmann et al.,^[@B5]^ Polizopoulou et al.,^[@B8]^ and Kanazono et al.^[@B16]^ To the authors\' knowledge, these are the *only* studies for which information on progression of ambulation status and/or survival data is reported for larger groups of dogs with DM. It is for this reason that even though the baseline characteristics of patients from each of these groups may have been different as well as the treatment interventions applied, they provide a set of historical "expectations" for disease progression and survival information. The comparisons are detailed in the **Results** and **Discussion** sections.

Physical rehabilitation protocol {#s004}
--------------------------------

All dogs included in the review were prescribed twice weekly in-clinic rehabilitation therapy and an at-home exercise program. Occasionally, only one weekly visit was possible for some patients in either group. The in-clinic rehabilitation therapy was the same for all dogs and included PBMt, hydrotherapy exercise in an underwater treadmill, and other therapeutic exercises as outlined in [Table 1](#tb1){ref-type="table"}. The at-home exercise program was also the same for all dogs and is also outlined in [Table 1](#tb1){ref-type="table"}. In addition, all owners were asked to keep a log of patient daily activities. These logs were reviewed weekly with the owners throughout the course of therapy. In-clinic and at-home exercises were the same for both laser-treated groups. Supportive care recommendations were made including the use of assistive devices, such as slings for walking support, and protective boots, socks, or bandages for the feet, to be used as needed.

###### 

Rehabilitation Therapy

  In-clinic rehabilitation therapy (performed weekly to twice weekly)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Laser therapy (photobiomodulation therapy) as described in [Table 2](#tb2){ref-type="table"}
  Range of motion per limitations in patient evaluation
  Stretching included hip extension and hip flexion with stifle extension
   A hold of 15 sec on each, repeated three times for each stretch, and each limb
  Controlled standing^[a](#tf1){ref-type="table-fn"}^ with correct paw placement on a mat until fatigue
  Controlled standing^[a](#tf1){ref-type="table-fn"}^ with forelimbs on a balance disk (hind limbs are on a mat) to facilitate spinal extension, hip extension, core strength, and hind limb strength.
  Controlled standing^[a](#tf1){ref-type="table-fn"}^ with hind limbs on a balance disk (forelimbs are on a mat) to facilitate core strength and hind limb strength
  Controlled standing^[a](#tf1){ref-type="table-fn"}^ with hind limbs and forelimbs on one or two balance disks (depending upon the size of the dog)
  Core work to the dogs\' level: weight shifting in a standing, sitting, or down position for up to 5 min
   Rhythmic stabilization---weight shifting back and forth in either position
  Walking obstacles--cavaletti poles, or other objects requiring the dogs to lift their hind limbs up into flexion and encourage placement, performed until fatigue
  Underwater treadmill---water height varies between level of the greater trochanter and stifle, speed at a walk and total walking time based on individual dog: all dogs started at 5 min duration at a walking pace at ∼1.0--2.0 mph. As they were able, they progressed. Typically, therapy would increase by 25% in time each week up to 30 min duration, as long as the patients tolerated everything well
  *Home exercise program*
  Controlled standing three times a day to tolerance with emphasis on correct paw placement and good footing
  Controlled leash walking---three times a day for up to 15 min, assistance with a sling if needed
  Controlled touching and massage---owners are encouraged to gently massage and touch their dogs\' hind limbs to increase proprioception and awareness twice a day for at least 5 min
   Includes stroking the legs against the hair, soft or light touch, thumping, and deep pressure
  Walking backward---the dog is encouraged to walk backward throughout the day for a few steps if able

All of the controlled standing was performed until fatigue, at five repetitions.

###### 

Protocol-A and Protocol-B Group Photobiomodulation Therapy Treatment Parameters

                                          PTCL-A group                                                                                                                                                                    PTCL-B group
  --------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Light parameters (dose)                                                                                                                                                                                                  
   Wavelength (nm)                        904                                                                                                                                                                             980
   Radiant power (W)                      0.5                                                                                                                                                                             6--12^[a](#tf2){ref-type="table-fn"}^
   Irradiance (W/cm^2^) at skin surface   0.5                                                                                                                                                                             1.2--2.4^[a](#tf2){ref-type="table-fn"}^
   Fluence (J/cm^2^)                      8 (per "point")                                                                                                                                                                 14--21 (average over treated area)
  Treatment protocol                      Point-to-point "grid method" technique at a total of 20 points spread throughout the treatment area according to manufacturer\'s instructions^[b](#tf3){ref-type="table-fn"}^   Continuously moving grid pattern over the entire treatment area at a speed of 1--3 in/sec according to manufacturer\'s recommendations^[c](#tf4){ref-type="table-fn"}^
  Treatment area (cm^2^)                  650--1000^[d](#tf5){ref-type="table-fn"}^                                                                                                                                       650--1000^[d](#tf5){ref-type="table-fn"}^
  Treatment time                          ∼5 min, 20 sec                                                                                                                                                                  Between 25--26 min, 15 sec^[a](#tf2){ref-type="table-fn"}^

Depending on patient\'s size, larger patients treated at higher power; irradiance increased with increase in power.

Respond Model 2400XL Laser, Respond Systems, Inc., Branford, CT.

Companion Therapy Laser CTC-15, LiteCure, LLC, DE.

Treatment area increased with larger patient size.

PTCL-A, Protocol A; PTCL-B, Protocol B.

All dogs included in the review had PBMt performed noninvasively through the dog\'s coat; that is, the patients did not have their hair coat shaved as this is very often not practical (or permissible by pet owners) in a clinical setting. Treatment was applied with the laser probes in direct contact with the dog\'s coat and skin over the spinal column, as well as 5--7 cm lateral to the right and left sides of the spinal column in the paraspinal musculature, from approximately the T3 vertebral body to the lumbosacral junction. The PTCL-A and PTCL-B treatment groups are given in [Table 2](#tb2){ref-type="table"} below.

Baseline demographics and disease progression {#s005}
---------------------------------------------

The baseline demographics for both groups: sex, hair coat length, body weight, age at treatment start, and time from onset of clinical symptoms to treatment start, were collected and described ([Table 3](#tb3){ref-type="table"}**)**.

###### 

Baseline Demographics

  Patient                       Sex   Body weight (lbs)   Haircoat length (1 = short, 2 = medium, 3 = long)   Age at StartTX (years)   Time from Sym Onset to StartTX (months)   Additional diagnostics^[a](#tf8){ref-type="table-fn"}^
  ----------------------------- ----- ------------------- --------------------------------------------------- ------------------------ ----------------------------------------- --------------------------------------------------------
  PTCL-A group                                                                                                                                                                   
   Chesapeake bay retriever 1   M     72                  2                                                   7.7                      5.0                                       H
   Chesapeake bay retriever 2   F     78                  2                                                   7.7                      4.8                                       M^[b](#tf9){ref-type="table-fn"}^
   Pit bull 1                   F     49                  1                                                   8.3                      5.6                                       M
   Irish setter 1               F     68                  3                                                   6.8                      3.3                                       M
   Bernese mountain dog 1       M     108                 3                                                   7.2                      3.5                                       H
   Bernese mountain dog 2       M     97                  3                                                   9.9                      3.3                                       H, G
  Mean                                78.67               2.33                                                7.93                     4.25                                       
  PTCL-B group                                                                                                                                                                   
   German Shepherd 1            F     56                  3                                                   10.7                     8.2                                       H
   Mixed breed dog 1            F     44                  3                                                   7.2                      7.8                                       M
   Chesapeake Bay Retriever 3   M     62                  2                                                   5.7                      8.3                                       G
   Chesapeake Bay Retriever 4   F     78                  2                                                   7.3                      5.7                                       G
   Mixed breed dog 2            F     66                  3                                                   4                        2.7                                       M
   Pembroke Welsh Corgi 1       M     72                  3                                                   9.3                      3.3                                       H
   German Shepherd 2            F     52                  3                                                   6.1                      7.6                                       M
   Bernese Mountain Dog 3       F     78                  3                                                   6.2                      5.1                                       G
   Pembroke Welsh Corgi 2       M     47                  3                                                   8.4                      22.5                                      M
   Mixed breed dog 3            M     48                  2                                                   9.2                      25.9                                      M
   Chesapeake Bay Retriever 5   M     83                  2                                                   9.1                      24.9                                      G
   Bernese Mountain Dog 4       F     82                  3                                                   7.2                      14.3                                      M
   Chesapeake Bay Retriever 6   M     88                  2                                                   7.1                      13.3                                      G
   Mixed breed dog 4            M     33                  3                                                   8.1                      6.7                                       G
  Mean                                63.5                2.64                                                7.53                     11.15                                      

StartTX, time of treatment start; Sym Onset, onset of clinical signs.

Additional diagnostics: H, histopathology; M, MRI of spine; G, genetic testing.

All dogs listed, with the exception of one (Chesepeake Bay Retriever no. 2) had both TL and LS MRI performed. CBR no. 2 had only LS MRI performed.

LS, lumbosacral; MRI, magnetic resonance imaging; TL, thoracolumbar.

Additional individual diagnostics performed for each patient were reviewed and are also described in [Table 3](#tb3){ref-type="table"}. Times of progression of clinical signs from their onset (Sym Onset) to NAP and to euthanasia, and from start of treatment to NAP and to euthanasia were collected and described ([Table 4](#tb4){ref-type="table"}).

###### 

Progression in Photobiomodulation Therapy Treated Groups

  Patient                       Time from Sym Onset to NAP (months)   Time from Sym Onset to Euth (months)   Time from StartTX to NAP (months)   Time from StartTX to Euth (months)
  ----------------------------- ------------------------------------- -------------------------------------- ----------------------------------- ------------------------------------
  PTCL-A group                                                                                                                                   
   Chesapeake Bay Retriever 1   10                                    13.34                                  4.98                                8.36
   Chesapeake Bay Retriever 2   7.34                                  13.02                                  4.82                                8.2
   Pit Bull 1                   10.95                                 10.95                                  5.57                                5.38
   Irish Setter 1               7.02                                  7.02                                   3.34                                3.67
   Bernese Mountain Dog 1       7.87                                  8.82                                   3.51                                5.31
   Bernese Mountain Dog 2       9.54                                  13.41                                  3.34                                10.07
  Mean                          8.79                                  11.09                                  4.26                                6.83
  PTCL-B group                                                                                                                                   
   German Shepherd 1            31.2                                  33.82                                  22.98                               25.61
   Mixed breed dog 1            13.6                                  13.6                                   5.77                                5.77
   Chesapeake Bay Retriever 3   27.24                                 33.24                                  18.98                               24.98
   Chesapeake Bay Retriever 4   29.65                                 39.62                                  23.93                               33.9
   Mixed breed dog 2            9.12                                  9.12                                   6.43                                6.43
   Pembroke Welsh Corgi 1       35.3                                  49.11                                  31.97                               45.77
   German Shepherd 2            22.2                                  25.55                                  14.62                               17.97
   Bernese Mountain Dog 3       20.64                                 34.61                                  15.57                               29.54
   Pembroke Welsh Corgi 2       34.09                                 38.36                                  11.57                               15.84
   Mixed breed dog 3            47.19                                 54.24                                  21.31                               28.36
   Chesapeake Bay Retriever 5   49.35                                 56.93                                  24.49                               32.07
   Bernese Mountain Dog 4       38.87                                 50.87                                  24.59                               36.59
   Chesapeake Bay Retriever 6   36.57                                 42.67                                  23.31                               29.41
   Mixed breed dog 4            49.63                                 53.1                                   42.95                               46.43
  Mean                          31.76                                 38.20                                  20.61                               27.05

Euth, euthanasia; NAP, nonambulatory paresis.

Statistical analysis {#s006}
--------------------

A multivariate analysis of variance (MANOVA) followed by a univariate comparison of means and a chi-square test examined the baseline demographics for the strength of their associations and statistically significant differences between the groups. Differences between the groups were deemed significant at α \< 0.05.

The times of progression of clinical signs from their onset to NAP and to euthanasia, and from start of treatment to NAP and to euthanasia were compared using Cox Regression analysis controlling for sex, hair coat length, body weight, age at treatment start, and time from onset of clinical symptoms to start of treatment. Differences between the groups were deemed significant at α \< 0.05. In addition, a Kaplan--Meier survival analysis was used to compare the elapsed time between onset of clinical symptoms and euthanasia for the PTCL-A and PTCL-B groups, and a single literature reference with sufficient detail to warrant the comparison---Polizopoulou et al.

Results {#s007}
=======

A summary of the data collected is given in [Tables 1](#tb1){ref-type="table"}--[4](#tb4){ref-type="table"}:

Prescribed rehabilitation protocols, both at-clinic and at-home, given to both the PTCL-A and PTCL-B groups, are given in [Table 1](#tb1){ref-type="table"}.

PBMt treatment protocols used to treat dogs in the PTCL-A and PTCL-B groups are detailed in [Table 2](#tb2){ref-type="table"}.

Individual diagnostic tests and baseline demographic data: sex, hair coat length, body weight, age at treatment start, and time from onset of clinical symptoms to treatment start, are noted in [Tables 3](#tb3){ref-type="table"} and [4](#tb4){ref-type="table"}. None of the records reviewed showed a history of any other multisystemic diseases (hypoadrenocorticism, diabetes mellitus, cancer, etc.) that could account for a diminished life expectancy.

An initial MANOVA showed a significant difference in the noncategorical baseline demographic variables between the groups (*F*(4,15) = 203.522, *p* \< 0.05). There was no difference in the categorical baseline variable (sex), χ^[@B2]^(1, *N* = 20) = 0.00, *p* = 1.0, that is, proportions of males and females were identical for the two groups. Follow-up univariate comparisons of the noncategorical baseline variables\' individual means, within and not within the MANOVA context, showed the baseline difference to be significant for *only one* of the variables: time from onset of clinical symptoms to start of treatment. The mean time from onset of clinical symptoms to start of treatment for the PTCL-B group was significantly longer than that for the PTCL-A group (*F*(1,18) = 200.213, *p* = 0.05). Worth noting here that while the results that follow control for baseline differences (covariates), it would not normally be assumed that prolonging start of treatment (for any modality) from onset of clinical signs would be of any advantage.

Cox regression analysis controlling for differences in all demographic variables showed that the "survival" times were longer for the PTCL-B group.

The mean time between onset of clinical signs and NAP was significantly longer in the PTCL-B group (31.76 ± 12.53 months) than in the PTCL-A group (8.79 ± 1.60 months) (Wald statistics = 10.503, *p* \< 0.05).

The mean time between onset of clinical signs and time of euthanasia was significantly longer in the PTCL-B group (38.2 ± 14.67 months) than in the PTCL-A group (11.09 ± 2.68 months) (Wald statistics = 10.747, *p* \< 0.05). At the time of euthanasia, all dogs had progressed to Stage II DM and were nonambulatory paraparetic or paraplegic.

The mean time between start of treatment and NAP was significantly longer in the PTCL-B group (20.61 ± 9.81 months) than in the PTCL-A group (4.26 ± 0.98 months) (Wald statistics = 12.828, *p* \< 0.05).

The mean time between start of treatment and time of euthanasia was significantly longer in the PTCL-B group (27.05 ± 12.39 months) than in the PTCL-A group (6.83 ± 2.41 months) (Wald statistics = 11.607, *p* \< 0.05).

Although not of primary interest here, we note that in the analyses reported above, the relationship of survival to age at treatment start was positive and marginally significant (*p* \< 0.10 for onset of clinical signs to NAP, *p* \< 0.05 for onset of clinical signs to time of euthanasia, *p* \< 0.10 for start of treatment to NAP, and *p* \< 0.10 for start of treatment to time of euthanasia).

Kaplan--Meier survival analysis showed that the time from onset of clinical signs to NAP for the PTCL-B group was significantly longer than that of the PTCL-A group (Mantel-Cox Log Rank statistic = 20.434, *p* \< 0.05) or the historical Polizopoulou et al. group (Mantel-Cox Log Rank statistic = 16.334, *p* \< 0.05). The survival times for the PTCL-A and Polizopoulou et al.^[@B8]^ groups were similar ([Fig. 2](#f2){ref-type="fig"}).

![Survival functions for Protocol A group (PTCL-A, dashed line), Protocol B group (PTCL-B, solid line), and historical data.^[@B8]^](photob.2019.4723_figure2){#f2}

Historically, Kathmann\'s and Kanazono\'s reported data: mean survival time of 8.36 months (*n* = 9) and median time from Sym Onset to NAP of 10 months (*n* = 63), respectively, are very similar to those of the PTCL-A group: 11.09 months (*n* = 6), 8.79 months, respectively, and both much shorter than those of the PTCL-B group (*n* = 14): 38.2 months survival time and 31.76 months to nonambulation though no formal statistical comparisons could be made with these data sets.

Discussion {#s008}
==========

The retrospective nature of this study, its small sample size, and the dearth of historical data from studies with similar parameters argue for caution with any conclusions from the data analysis results presented. Still, the analysis of the retrospectively collected data showed that the combination of PTCL-B PBMt and intensive rehabilitation therapy had a significant beneficial impact on the clinical symptom progression and survival times of dogs with a presumptive diagnosis of DM. This and the absence of effective treatments for DM, and potentially for people with ALS, warrant further investigation in a more controlled setting.

Antemortem diagnosis of DM can be difficult, largely because other acquired spinal cord diseases (intervertebral disk disease, lumbosacral stenosis, spinal cord neoplasia) or orthopedic issues (osteoarthritis in the pelvic limbs, cranial cruciate ligament injury in the stifle, etc.) can present with many similar clinical signs. In addition, it is not uncommon for older dogs with DM to also have one or more of these conditions. While a very thorough neurological and orthopedic examination may be able to differentiate some of the causes of these clinical signs, given the preponderance of other spinal cord diseases and orthopedic issues with similar clinical presentation, DM is largely diagnosed by ruling out these more common diseases as the cause of the progressive symptomatology previously outlined. This was one of the inclusion criteria for this study. At this time, a definitive diagnosis of DM can only be made by postmortem histopathologic examination of the spinal cord---showing characteristic axonal and myelin degeneration accompanied by increased astroglial proliferation in the most severely affected areas, usually the thoracic spinal cord.^[@B1],[@B17]^ Other diagnostic tests may be undertaken, including neurodiagnostic imaging, electrodiagnostic testing, routine cerebrospinal fluid (CSF) analysis (all of which are normal in early DM), and genetic testing. Genetically, most DM dogs are homozygous for the SOD1: c.118G\>A allele (though some dogs that are heterozygotes with no other SOD1 missense mutations will develop DM). While genetic tests may corroborate a diagnosis of DM, genetic screening alone is inadequate for diagnosis since SOD1 mutations are incompletely penetrant.^[@B18]^ However, in clinical practice, these further diagnostic tests may not be pursued for a variety of reasons, including access to resources and/or pet owner financial concerns. Given these limitations, the authors attempted to limit dogs in the study to only those that had at least one additional advanced diagnostic test result suggestive of DM (or at least ruling out other spinal cord disease in the case of spinal MRI). The lack of conclusive diagnosis (histopathology only, *n* = 5) for all dogs in the study is certainly a limitation and could have affected the results (i.e., some dogs might not have had DM), a prospective trial is needed to control for this limitation; however, the diagnostic limitations accurately reflect the clinical situation most often seen with veterinary patients suspected of having DM.

Photobiomodulation parameters, light transmission, and differences in results between the groups {#s009}
------------------------------------------------------------------------------------------------

A basic axiom of PBM---the "Principle of Photochemical Activation" or Grothuss-Draper Law---states that only that light which is absorbed by a system can bring about a photochemical change.^[@B19]^ Thus, for transcutaneously delivered light to affect DM disease progression, the light\'s parameters and PBMt application protocols must be such that---after accounting for the light\'s energy losses in the coat, and the intervening tissues of the skin, muscle, etc.---a "sufficient" amount of light reaches and is absorbed by neural cells in the spinal cord. Work by Piao et al. provides a quantitative insight on the amount of light transmitted to the level of the spinal cord of cadaver dogs under safe, clinically acceptable skin-applied irradiances. Piao showed that there is a linear correlation between the irradiance of the light at the skin and that of the light measured at the spinal canal, and that on-contact surface irradiation results in higher transmission to the spinal canal in a large breed dog.^[@B20],[@B21]^ Consequently, the irradiance at the spinal canal of patients in the PTCL-B group was between 2.4 and 4.8 times greater than that of patients in the PTCL-A group---1.2 to 2.4 versus 0.5 W/cm^2^ at the skin, respectively ([Table 2](#tb2){ref-type="table"}). This estimate neglects differences in tissue transmission losses due to the different wavelengths used by the protocols: 904 nm in PTCL-A versus 980 nm in PTCL-B, as well as possible differences in therapeutic efficacy due to their different absorptions^[@B22],[@B23]^ by cytochrome-c-oxidase. These differences are small compared with the differences in the protocol\'s skin-applied irradiances.

If it is in fact true, as suggested by the data analysis, that the combination of PBMt and intensive rehabilitation therapy delays the progression of clinical signs and extends the survival time of dogs with DM, the benefit is only true for patients in the PTCL-B group. It is possible that differences in musculoskeletal treatment benefits---due to differences in the protocols\' PBM parameters---entirely account for the observed results. However, since the PBM parameters used in the PTCL-A group have been shown to be effective in musculoskeletal therapies,^[@B24]^ this is unlikely. A more plausible explanation is that the irradiance at the spinal cord delivered by the PTCL-B group was sufficient to produce a clinically meaningful effect, while that of the PTCL-A group was not. It is worth noting here that the laser used in Piao\'s studies was identical to the one used in the PTCL-B group in this retrospective analysis, and that the light\'s irradiance Piao measured at the spinal canal---shallowest region (T13-L1 region)---is comparable with that which was shown to be effective in two of three acute ischemic stroke trials in humans.^[@B29]^

Possible mechanism of PBMt on disease progression {#s010}
-------------------------------------------------

Although degenerative changes in DM occur throughout the spinal cord white matter, they are usually most severe in the middle to lower thoracic spinal cord segments in the dorsal portion of the lateral funiculus.^[@B1],[@B17],[@B32]^ This was the area where PBM treatment was applied for all patients included in the analysis.

The body of evidence in the literature has shown that the application of PBMt can effectively modulate the inflammatory response after not just peripheral nerve injury^[@B33],[@B34]^ but in spinal cord injury (SCI) as well.^[@B35],[@B36]^ Statistically significant suppression of proinflammatory cytokine and chemokine gene expression, significant decreases in the invasion of cells involved in secondary damage including macrophages/activated microglia and T lymphocytes, a reduction in astrogliosis, significantly improved axonal regrowth and function, and are all among the effects noted when PBMt is applied acutely after SCI.^[@B36]^ These studies provide evidence that light confers specific beneficial effects on the response of cells in the CNS to injury leading to alteration of the secondary injury response and progression of the injury process. Research involving transcranial PBMt (TPBMt) has taken these findings a step further and demonstrated significant improvements in neurological scores after ischemic stroke in laboratory animals,^[@B39]^ and in short- and long-term behavioral function as well as in reduction of brain tissue loss after traumatic brain injury.^[@B41],[@B42]^ As mentioned previously in the discussion of light transmission, an effectiveness and safety trial on 660 human patients showed that TPBMt was safe with a trend toward efficacy for treatment of humans within 24 h of stroke onset.^[@B29],[@B30]^

Numerous studies have suggested that astrocytes and the astrocyte glutamate transporter (GLT-1; via deficiency of glial reuptake of excitatory amino acids) may play a role in modifying disease progression and motor neuron (MN) loss in neurodegenerative disease progression.^[@B43]^ Astrocytes can induce MN degeneration through secretion of inflammatory mediators, including nitric oxide and prostaglandin E2,^[@B48],[@B49]^ and at least one study has demonstrated that neural progenitor cell-derived astrocytes from both familial ALS (fALS) and sporadic ALS (sALS) patients were toxic to MNs *in vitro* by coculturing mouse embryonic stem-cell-derived MNs with the differentiated astrocytes from each patient. Increased proliferation of glial fibrillary acidic protein (GFAP)-positive astrocytes has been observed in the presence of atrophied MNs in the spinal cords of human patients with both fALS and sALS, and has been correlated with the severity of the axonal loss and demyelination in the spinal cords of dogs with DM.^[@B46],[@B47]^ Ogawa et al. reported a significant and unique inducible nitric oxide synthase (iNOS) expression pattern (not induced by a T-cell-mediated pathway) in the gray matter of these same dogs, similar to that in SOD1 transgenic mice^[@B50],[@B51]^ and in ALS patients.^[@B52],[@B53]^ Citing previous reports that indicated that astrocytic nitric oxide production through iNOS is associated with glutamate uptake activity of GLT-1 or glutamate-induced excitotoxicity^[@B54],[@B55]^ alongside the findings of decreased astrocytic GLT-1 expression in the spinal cord of DM dogs, Ogawa et al. concluded that there is likely an interaction between NO production and glutamate uptake occurring in DM.

The authors are aware of at least four studies reporting effects of PBMt on astrocytic activity. Yang et al. found that in astrocytes pretreated with PBMt, the typical Aβ-induced production of ROS and inflammatory response were eliminated in the cortical astrocytes of rats.^[@B56]^ PBMt has also demonstrated influence on the glial response, particularly that of the astrocytes, in a monkey model of Parkinson\'s disease.^[@B57]^ Sun et al. found that PBMt applied to the spinal cord of rats after SCI inhibited activation of GFAP-positive astrocytes as well as inhibited astrocyte proliferation and the expression of astrocyte activation-related genes *in vitro*.^[@B58]^ Finally, there is one published study specifically examining the use of PBMt in an SOD1 transgenic mouse model of ALS.^[@B59]^ This study reports that there was a statistically significant, yet short-lived improvement in the group that received laser therapy. The data suggest that there was a delay in the onset of motor deficits, but this beneficial effect was only seen in the early stage of the disease. The delay in onset of motor deficits in the early stage of the disease seen in the mice in this study is consistent with the suggestive results of the current retrospective analysis in dogs. Furthermore, there was a statistically significant decrease in GFAP expression (an astrocyte marker) in the cervical and lumbar enlargements of the spinal cord in the laser-treated groups of mice compared with controls. The authors concluded that laser may have suppressed astrocytes surrounding MNs in the spinal cord, possibly conferring a protective effect.

Further research is needed on astrocyte--neuronal interactions both before disease onset and during disease progression in DM as well on the effects of PBMt on these interactions; however, the authors suggest here that PBMt may be having a protective effect on the MNs in the spinal cord of DM dogs through similar mechanisms suggested in the studies mentioned above.

Besides PBMt having potential effects on the spinal cord, the authors do not discount an additional potential mechanism for the improvements in treated dogs noted in this study and that is as an ergogenic aid to therapeutic exercise and prevention to exercise induce muscle fatigue or damage. Recently, low-level laser (light) therapy has been used to increase muscle performance in intense exercises.^[@B28],[@B60]^ Various studies have demonstrated the PBMt mediated increase in adenosine triphosphate in muscle as well as increase in the resistance of muscles to fatigue during intense exercise.^[@B60],[@B61]^ Studies involving both mice and humans have demonstrated that patients treated with PBMt in various time frames before exercise are able to perform more repetitions in muscle fatigue tests and have improved muscle energy metabolism compared with control groups,^[@B26],[@B27],[@B62]^ and that the effect may be greater in older/elderly patients.^[@B66]^ Further studies have demonstrated that PBMt helps prevent muscle pain and soreness after excessive exercise, reduces muscle damage during exercise, facilitates postexercise recovery, and can also help heal muscle injuries through a variety of mechanisms.^[@B25],[@B60],[@B67]^ Studies that have been able to examine markers for oxidative stress and inflammation in muscle tissue from euthanized animals or in serum from other patients have demonstrated the PBMt accelerated or resolved the acute inflammatory response and reduced oxidative stress elicited by muscle trauma.^[@B27],[@B64],[@B70]^

Given the information included here, the authors propose one or more of the following possible mechanisms of action for PBMt in this study: a possible effect on the spinal cord, particularly a protective influence on the MNs in the early stages of the disease through a decrease in invasion of cells involved in secondary damage to the spinal cord or possible reduction in astrogliosis, a decrease in astrocytic nitric oxide production and subsequent influence on GLT-1, a restoration of healthy cellular energetics in the treated muscles along the spine, and/or a decrease in the muscle fatigue experienced by the treated patients aiding their therapeutic exercise program and assisting in recovery after exercise.

Conclusions and Summary {#s011}
=======================

Potential impact {#s012}
----------------

Absent any clinically tested, effective treatments for DM, clinicians usually pursue symptom palliation using conventional or novel therapies.^[@B2]^ Recently Endaravone was approved and granted orphan drug designation by the U.S. Food and Drug Administration (Press Announcement May 5, 2017; fda.gov), the first new treatment for ALS to receive FDA approval in many years. Edaravone is thought to confer neuroprotection in part through its free-radical scavenging activity.^[@B71]^ Although there have been studies looking at this drug in models of canine ischemia--reperfusion injury,^[@B72],[@B73]^ there has not been any research yet specifically examining its potential use in treating DM. One recent study has investigated changes in endocannabinoid elements, which could serve as a first step in the development of cannabinoid therapy for both dogs with DM and possibly, people with ALS.^[@B74]^ Although this study was not prospective and limited by small sample size(s) and the inability to obtain postmortem histopathology on all dogs included in this study, it does suggest a possible beneficial effect of utilizing PTCL-B PBMt in combination with an intense rehabilitation therapy regimen. Absent effective therapies for DM, the challenges with preclinical trials for ALS, and the poor translation of success of novel neuroprotective therapeutics from small laboratory animal models to companion size animals and humans, PBMt combined with intense rehabilitation therapy should be considered for the palliative treatment of dogs suspected of being affected by DM, and may be an avenue for future research into therapy for humans with ALS.

Prospective trial {#s013}
-----------------

Currently, the authors are planning a RDBPC trial to test PBM as a therapeutic for dogs with DM. The study will include a larger sample size, tighter inclusion criteria, placebo-controlled treatment with a sham laser device, as well as the same dosimetry used for both wavelengths of light mentioned here, 905 and 980 nm, and a more rigorous assessment of outcome. Ideally, this trial will be multicenter in nature, provided that each study site is capable of standardizing pre-enrollment diagnostics as well as treatment protocol, including rehabilitation therapy. Given the positive results of the current retrospective analysis, the possibility for a crossover design in dogs randomized to receive sham laser in this prospective study should be considered in the face of overwhelming lack of improvement and/or worsening of clinical signs after a given time. Ideally, laser calibration should be done regularly throughout the study period to guarantee that the proposed dose is the same as the delivered dose at the skin surface for any devices used during the entire study period.
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